Summary In all Mediterranean-type ecosystems, evergreen and deciduous trees differing in wood anatomy, growth pattern and leaf habit coexist, suggesting distinct adaptative responses to environmental constraints. This study examined the effects of summer water stress on carbon (C) storage and growth in seedlings of three coexisting Mediterranean trees that differed in phenology and wood anatomy characteristics: Quercus ilex subsp. ballota (Desf.) Samp., Quercus faginea Lam. and Pinus halepensis L. Seedlings were subjected to two levels of watering during two consecutive summers and achieved a minimum of À0.5 and À2.5 MPa of predawn water potential in the control and water stress treatment, respectively. Both Quercus species concentrated their growth in the early growing season, demanding higher C in early spring but replenishing C-stores in autumn. These species allocated more biomass to roots, having larger belowground starch and lipid reserves. Quercus species differed in seasonal storage dynamics from P. halepensis. This species allocated most of its C to aboveground growth, which occurred gradually during the growing season, leading to fewer C-reserves. Soluble sugar and starch concentrations sharply declined in August in P. halepensis, probably because reserves support respiration demands as this species closed stomata earlier under water stress. Drought reduced growth of the three species, mainly in Q. faginea and P. halepensis, but not C-reserves, suggesting that growth under water stress conditions is not limited by C-availability.
Introduction
Storage is defined as resources that build up in the plant and can be mobilized in the future to support other plant functions (Bloom et al. 1985 , Chapin III et al. 1990 . Carbon (C) can be stored as soluble sugars (SS), starch (St) and/or lipids (Lp), and these molecules can partially support both predictable and unpredictable growth and respiratory C-demands (Kobe 1997 , Cherbuy et al. 2001 , Meloche and Diggle 2003 . Carbon may accumulate at low cost for the plant when availability exceeds demand. However, reserve formation can compete for C with growth, increasing the opportunity costs (Chapin III et al. 1990) .
Storage in plants depends on multiple internal and external factors. Among internal factors, wood anatomy, leaf habit and growth pattern can determine the amount and seasonality of C-storage. Ring-porous species tend to store more C than diffuse-porous species because the former entirely rely on C-remobilization for early radial growth (Barbaroux and Bre´da 2002) . Evergreen species can remobilize C-reserves from leaves (Cherbuy et al. 2001 , Palacio et al. 2007b ) by contrast with deciduous species, which might exhibit different seasonal dynamics (Piispanen and Saranpa¨a2 001; but see Hoch et al. 2003) . Species with indeterminate free growth (sensu Halle´et al. 1978) can allocate more C to growth at the expense of reserve formation (Gaucher et al. 2005) . Regarding external factors, disturbances and environmental conditions, such as changes in CO 2 , N or light availability, can also alter growth and C-storage, involving accumulation and/or reserve formation processes (Cruz et al. 2003 , Knox and Clarke 2005 , Luo et al. 2006 .
Given that disturbances and stress are important selective pressures for species living in Mediterranean ecosystems, storage of C can be crucial for their survival and growth. Some authors have observed that coexisting Mediterranean species display different C-storage patterns (MeletiouChristou et al. 1994 ), as part of their different strategies to face Mediterranean-climate constraints. Nevertheless, studies which compare reserve patterns across Mediterranean species are scarce (Meletiou-Christou et al. 1998 , Palacio et al. 2007b . Quercus ilex subsp. ballota (Desf.) Samp., Quercus faginea Lam. and Pinus halepensis L. are structural species of Mediterranean ecosystems in the Iberian Peninsula and thereby commonly used in reforestation practices (Vallejo et al. 2003) . In addition, these species regenerate reliably after fire (Broncano et al. 2005) , becoming potential competitors. These species differ in leaf habit, wood anatomy and growth pattern. Although there is some information about seasonal reserve patterns in adults of these species (Larcher and Thomaserthin 1988 , Meletiou-Christou et al. 1994 , Milla et al. 2005 , studies on seedlings, which are crucial to understand the regeneration strategy, are scarce.
Summer drought is the main factor hindering forest regeneration in Mediterranean ecosystems (Mooney 1983) , so reserves can be crucial for seedlings to cope with the first summer drought. Some Mediterranean species have shown a decrease in reserves during the summer period, suggesting that reserves play an important role in facing water stress (Larcher and Thomaserthin 1988 , Meletiou-Christou et al. 1994 , Cruz and Moreno 2001 . However, other studies in Mediterranean-type regions show discrepant results, reserves either increasing (Mooney and Chu 1974) or not being affected (Knox and Clarke 2005) by water stress. This discrepancy may depend on how drought influences growth and photosynthesis (Ko¨rner 2003) . If drought inhibits growth, but photosynthesis is continued, then storage molecules may accumulate. Understanding the species-specific response of storage to environmental change between seedlings of coexisting species can give insight into the future trends of forest regeneration and provide a basis for forest restoration under the predicted scenario of enhanced summer drought and increased fire frequency in the Mediterranean Basin (Christensen et al. 2007) .
We studied the seasonal pattern of non-structural C-reserves (such as SS, St and Lp) of Q. ilex, Q. faginea and P. halepensis seedlings under two levels of water availability in summer. This study aimed to find out the differences in seasonal storage patterns between coexisting species and to understand how storage and growth are affected by summer water stress in different plant fractions. Our hypotheses were (1) C-storage will differ between species due to their intrinsic differences in leaf habit and wood anatomy: Q. faginea, the deciduous/marcescent species characterized as a ring-porous species, will show stronger reserve fluctuations throughout the year than the other species. (2) Drought will reduce non-structural C-reserves in the three species. (3) The drought-induced decrease of growth will be smaller in species with more non-structural C-reserves because reserves can be remobilized to support growth under water stress.
Materials and methods

Plant material and experimental design
The experimental plants consisted of seedlings of Q. ilex, Q. faginea and P. halepensis. These species differ in leaf habit, Q. faginea being a semi-deciduous species, while the other two species are evergreen. Seedlings of Q. faginea can behave as an evergreen, retaining some leaves during winter (Silla and Escudero 2003) . Regarding their wood anatomy, they are characterized as ring-porous (Q. faginea), diffuse-porous (Q. ilex) and coniferous (P. halepensis) species (Corcuera et al. 2004a (Corcuera et al. , 2004b . Both Quercus spp. grow by flushes (Castro-Dı´ez and Monserrat-Martı´1998), while P. halepensis show indeterminate free growth (Borghetti et al. 1998) .
Acorns of both Quercus species and Pinus seeds were collected from a single location in Central Spain (Alcarrı´a -Serranı´a de Cuenca, forest region ES9). In December 2002, they were sown in forest multipot containers (50 seedlings per container and 300 cm 3 per pot) and were grown outdoors without water limitations in San Fernando de Henares Nursery (Central Spain, 40°24 0 N and 3°29 0 W). The substrate consisted of peat and vermiculite (3:1), and no fertilizer was added before the onset of the growing season. In May 2003, 150 seedlings per species and treatment were transferred to Alcala´University Botanic Garden (40°28 0 N and 3°22 0 W) and arranged in a three-block randomized design (one container per species, treatment and block). They were placed under a neutral moderate shade (35% of full light) as moderate shade was previously found to maximize seedling growth in pots by reducing dehydration rate and photoinhibition (Castro-Dı´ez et al. 2006) . The location of plants within blocks was randomly changed regularly. From July to October 2003, plants were fortnightly fertilized with Peters solution (20-7-19 N-P-K), up to a total of 33 mg of N per plant. In November 2003, seedlings were transplanted to 3.5 dm 3 plastic pots filled with peat and sand (8:2) plus 10.5 g of slow-release fertilizer (15-8-11 N-P-K, Osmocote Plus).
Summer drought treatments
Water treatments were applied from mid-June to midSeptember of two consecutive years, 2003 and 2004, through drought cycles (Sack and Grubb 2002) . At the beginning of the treatments, all plants were watered to field capacity and half of the plants were left to dehydrate down to À0.5 MPa of predawn shoot water potential (W pd ) in the non-stressed treatment, while the other half was left to dehydrate down to À2.5 MPa in the summer drought treatment. Previous studies indicated that this threshold was stressful enough to reduce seedling growth (Castro-Dı´ez et al. 2006 ), but still above the point of turgor loss (Castro-Dı´ez and Navarro 2007) for these species under experimental conditions. In the field, other studies have found higher levels of shoot water potential (W pd = À1.45 MPa) in seedlings of these species in summer under similar climatic conditions (Mediavilla and Escudero 2004) . Once these thresholds were reached, plants were re-watered to field capacity and left to dehydrate to the target W pd again, and a new drought cycle starts. These cycles were repeated until mid-September. Container/pot weights were daily monitored during the treatment period as a proxy for seedling W pd (Figure 1 ). Before the application of treatments each year, we performed a calibration of container/pot weight versus seedling W pd during 10-12 days. The data for each species were fitted onto an exponential equation (0.5 < r < 0.8) (20 < n < 72) (Appendix 1). The final average watering frequency was every 1-2 and 3-5 days in the non-stressed and summer drought treatments, respectively. W pd was measured in three seedlings per species and treatment three times each summer to check that it was within the expected range. Gravimetric soil moisture during summer treatments was monitored in one pot per treatment every 3 min with a data logger (HOBO Model H08-006-04; Onset, Pocasset, MA) and external sensors (ECHO Probe Model EC-10, Decagon Devices, Inc., WA) ( Table 1) Plants were washed and separated into leaves, stems, fine roots (diameter < 2 mm) and coarse roots (diameter > 2 mm), and oven-dried at 60°C for 48 h before weighing.
All samples were ground to 1 mm particle size (Cyclotec 1093 Sample Mill, Tecator, Ho¨gana¨s, Sweden) and scanned using a near-infrared reflectance spectrophotometer (NIRSystems 6500, Foss NIRSystems). Each sample was packed into a sample cell having a quartz-glass sample. Two reflectance (R) measurements of monochromatic light were made from 400 to 2500 nm to produce an average spectrum with 1050 data points at 2 nm intervals over this range. The recorded spectral data were processed using the ISI software, Version 3.01 (Infrasoft International, Port Matilda, PA) and stored as absorbance units [A, equal to log (1/R)]. Concentrations of SS, St and Lp were estimated for all plant fractions ! 1 g of dry weight (fine and coarse roots were combined due to limited biomass available), and for each date, using calibration equations according to methods described by Joffre et al. (1992) and Gillon et al. (1999) .
For Quercus samples, we used calibration equations built on Quercus spp. collected by us throughout the entire French and Iberian Mediterranean area, the concentrations were determined with standard errors of calibration of 1.50% for SS, 2.20% for St and 1.52% for Lp. For Pinus samples, we selected 95 samples using the Select procedure of ISI software (see Shenk and Westerhaus 1991) . Wet chemical analysis (SS, St and Lp) of these selected samples was performed following Damesin et al. (1997) . Calibration equations between spectral and chemical data were next conducted using the ISI software system (Shenk and Westerhaus 1991) . Standard errors of calibration were 0.79% for SS and 0.73% for St. It was not possible to , SD = 0.027 and n = 88).
Data analysis
Height and basal growth of each species under each water treatment were modelled by fitting cumulative height and basal diameter to a sigmoidal curve (Prism Version 3.0, GraphPad Inc., San Diego, CA):
where G is the percentage of cumulative annual growth at a given date (D), G i is the initial percentage of maximum height or stem width, G 50 is the time when seedlings achieved 50% of annual growth and D slope is the maximum growth rate. G 50 and D slope were considered to differ across species and treatments when their 95% confidence limits did not overlap. Differences between treatments and species across time in dry weight, SS, St and Lp concentrations of each plant part (leaves, stems and roots), and the pool of total nonstructural carbon compounds in the whole plant were analysed by means of repeated-measures ANOVA. To avoid misleading conclusions about the effect of factors in the Creserve pool, plant biomass was included as a covariant (General Linear Models). Given that the same plant cannot be harvested more than once, we used block as replicate, averaging all values obtained in the same block and sampling date. When data violated the sphericity assumption, the Greenhouse-Geisser or Huynh-Feldt corrections were used when the estimated sphericity (e) was below or above 0.75, respectively (Field 2000) . The difference between the maximum and the minimum concentration of SS, St and Lp during the study period was calculated for each species and treatment to assess annual reserve fluctuations, and species and treatment effects on this difference were analysed by two-way ANOVA; Bonferroni multiple test was used for comparing species. ANOVAs were performed using STATISTICA 6.0 (2004, StatSoft Inc., Tulsa, OK).
Results
Plant growth
The three species showed a similar height growth pattern, but P. halepensis grew in diameter significantly more gradually than Q. faginea in control and than Q. ilex in drought conditions ( Figure 3 ; Table 2 ). Summer drought tended to advance growth in all species but the effect was only significant for P. halepensis. This species started both height and basal growth more than 1 month earlier under drought than under control conditions (Table 2) . Basal growth occurred 14-41 days later than height growth (Table 2; Figure 3 ).
Plant biomass
Mass of all plant fractions increased with time in all species (Table 3; Figure 4 ). Leaf growth dynamics differed between species. While the leaf mass of Quercus species started to rise in May, P. halepensis needles started to gain mass in August. The other plant fractions followed this trend but the species effect was not significant (Table 3; Figure 4) . As a consequence, Quercus species attained their maximum growth in spring, whereas P. halepensis did it after August (Figure 4) . Pinus halepensis was the species with the highest leaf mass and the lowest root mass (Figure 4 ). The mass of most plant fractions decreased with drought, this reduction being the lowest in Q. ilex (Table 3; Figure 4 ).
Total C-reserve pool
Total C-reserve pool changed in parallel to plant mass (Figure 4) , the effect of the covariant (dry mass) being significant for all cases (P < 0.001). Pinus halepensis showed the least amount of C-pool (Figure 4) , while Q. ilex was the species with the highest C-reserve pool, the difference between species being higher under drought conditions (Table 3) . Drought did not have any effect on the total C-reserve pool of the whole plant (Table 3) .
Seasonal reserve concentration patterns
The seasonal course of SS concentration differed between P. halepensis and Quercus species in all plant fractions (Table 3 ; Figures 5-7 ). Leaves and stems of P. halepensis showed an SS peak in spring followed by a sharp Table 3 . Summarized results of the repeated-measures ANOVA testing the effect of species (S), treatment (T) and month (M) on biomass and on the concentration of SS, St and Lp in all plant parts, and on the C-reserve pool (SS + St + Lp) in the whole plant (ns, non-significant; *, 0.01 < P 0.05; **, 0.001 < P 0.01; ***, P 0.001). decrease in August, to recover again in November. By contrast, SS in Quercus species did not vary markedly throughout time in any plant part, being the highest in leaves (Figures 5-7) . The difference between the maximum and the minimum concentration of SS was higher in aboveground parts of P. halepensis than in those of Quercus species (Table 4) . Soluble sugars in roots were lower in P. halepensis than in Quercus species in all harvested months. Drought had little effect on SS dynamics in all species (Table 3; Figures 5-7). Starch concentration followed a similar seasonal pattern in all plant fractions and species, peaking in February and decreasing afterwards (Figures 5-7) . Pinus halepensis had lower St concentration in woody organs than Quercus species, the difference being the largest in roots (Table 3 ; Figure 7 ). Leaf and root St concentrations remained almost constant through time in P. halepensis, leading to a lower fluctuation as compared with Quercus species (Table 4) . However, the inverse occurred in stems. Drought had little effect on St concentration in all species (Table 3 ; Figures 5-7) .
Source of variation
The seasonal course of Lp concentration did not differ between Quercus species in any plant fractions (Table 3) . Similar to St, Lp concentration reached a maximum in February and decreased in May. Leaves and stems recovered their Lp concentration in autumn (Figures 5 and 6 ). Lipid concentration was unaffected by drought (Table 3; Figures 5-7).
Discussion
Interspecific differences in C-reserve concentration dynamics
Against hypothesis that C-storage will differ between species due to their intrinsic differences in leaf habit and wood anatomy, all carbon reserves fluctuated similarly in both Quercus species. Although Q. faginea is a marcescent tree, it can behave as an evergreen at seedling stage (Silla and Escudero 2003) . In this case, Q. faginea shed leaves through autumn and winter but also retained some green leaves in the canopy (Sanz-Pe´rez et al. 2009a ) allowing this species to maintain C-gain during winter. Regarding wood anatomy, some studies found higher reserve fluctuations in ring-porous species, which is attributed to the fact that these plants must rely entirely on C-reserves to support wood growth in early spring as this growth occurs before budburst (Barbaroux and Bre´da 2002) . In our study, both the diffuse-and the ring-porous species performed wood formation (secondary growth) after budburst (Figure 4) , which can explain a similar use of C-reserves. Nevertheless, our results suggest that C-reserves support spring growth in both species. A previous study has shown that these Quercus species remobilized the C-reserves stored during the previous season to support budburst in early spring (Sanz-Pe´rez et al. 2009b ).
On the other hand, P. halepensis -a coniferous and evergreen species -had different C-reserve dynamics than Quercus species. First, the seasonal course of SS in oaks hardly changed throughout time, while SS strongly decreased in August in P. halepensis. This can be attributed to their different strategies to cope with drought. Pinus halepensis quickly closes stomata when soil water potential decreases and consequently possesses low carbon gain during summer drought (Borghetti et al. 1998 , Villar-Salvador et al. 1999 . Under this circumstance, SS can be readily consumed to support the high plant respiratory demands prompted by high temperatures, explaining both SS and St reductions in August. By contrast, Quercus species maintain higher stomatal conductance and C-gain under moderate drought (Damesin et al. 1998 , Villar-Salvador et al. 2004 , which allow Quercus seedlings to cover respiratory demands with current photosynthetic products. In agreement with our results, some stress-avoider Mediterranean sub-shrubs were also found to possess low SS concentrations during summer (Palacio et al. 2007a) .
Starch concentration in the leaves and roots of both Quercus species showed wider seasonal fluctuations than in P. halepensis, probably due to their different growth patterns. In May, Quercus species showed a huge St drop, coinciding with the beginning of growth. This C-reserve decline in spring resembles those found for other woody species (Meletiou-Christou et al. 1994 , Ludovici et al. 2002 . Carbon requirements during spring are probably higher in Quercus species than in P. halepensis because Quercus species began both height and basal growth earlier and opened more lateral buds than P. halepensis (Sanz-Pe´rez et al. unpublished results). In autumn, growth of the two oaks was completed, contrasting with P. halepensis, so the former species can replenish St and Lp reserves in this favourable season, while P. halepensis keeps its carbon investment in growth.
Given that C-reserves contribute to plant survival under shade (Kobe 1997, Poorter and Kitajima 2007) , the different C-allocation to storage and growth between species reflects their different role in forest succession: Quercus species are late-successional species with high C-reserves, which have the ability to establish under moderate shade, while P. halepensis is a pioneer and shade-intolerant species, which maximizes aboveground (height) growth instead of storage (Barbero et al. 1992 , Broncano et al. 1998 , Que´zel 2000 .
Drought effects on plant growth and C-storage
Summer drought reduced plant growth in all the three species. Accordingly, other studies have found that seedlings of these species subjected to similar levels of drought attained lower biomass, secondary growth and shoot elongation than control trees (Borghetti et al. 1998 , Corcuera et al. 2004a , 2004b , the effects being smaller in Q. ilex than in the other two species (Ferrio et al. 2003 , SanzPe´rez et al. 2007 ). However, non-structural C-reserve concentrations were not reduced by drought, contrary to our second hypothesis. Therefore, the hypothesis that carbohydrates and lipids would be remobilized to support growth during water shortage (Hypothesis 3) was not supported either. Our results suggest that growth was limited under drought stress by processes other than by the carbon source, as quoted by a revision of Ko¨rner (2003) , emphasizing that plant growth is probably not limited by carbon (Ko¨rner 2003 , Millard et al. 2007 ).
The lack of non-structural C-reserve response to water stress agrees with studies on the same species (Villar-Salvador et al. 1999 , Rey Benayas et al. 2003 . This lack of response indicates that (1) in our study, these species allocate a constant percentage of C on dry mass basis to C-reserves disregarding the water availability. This argument agrees with that inferred by Knox and Clarke (2005) for Australian Mediterranean species, suggesting true reserve formation (Chapin III et al. 1990 ).
(2) C-reserves were not (Chapin III et al. 1990 ). In P. halepensis, this can be attributed to the lack of osmotic adjustment to water stress (Villar-Salvador et al. 1999) , and in the two Quercus species to their ability to maintain stomata open until À3.5 MPa of shoot water potential (Mediavilla and Escudero 2004, Castro-Dı´ez and Navarro 2007) . (3) Both the lack of C-reserve replenishment during summer in Quercus species and the low concentration of non-structural C-reserves in summer in P. halepensis are not explained by water stress as it had been suggested (Larcher and Thomaserthin 1988 , Meletiou-Christou et al. 1998 , Rey Benayas et al. 2003 ). An alternative explanation is that high temperature during summer increases respiration rate and C-reserve mobilization to supply respiratory demands (Ryan 1991, Lambers and Ribas-Carbo 2005) . Ko¨rner (2003) reported that C-reserve and temperature dynamics changed inversely along seasons in most Mediterranean species analysed. Due to the warming scenarios predicted by global change models (Christensen et al. 2007) , further studies should be carried out to assess the C-reserve dynamics, and the plant C-balance, under increasing temperatures (Atkin et al. 2000) .
Storage dynamics among plant parts
All C-reserve compounds followed similar dynamics between the three plant fractions in both Quercus species. This result contrasts with those found in adults of Mediterraneanclimate species, where different plant parts showed different storage strategies (Mooney and Chu 1974, MeletiouChristou et al. 1994) . In adult trees, source-sink relationships between different plant parts can control C-storage, while in seedlings, leaves, stems and roots show little autonomy (Sprugel et al. 1991) . A possible explanation is that different plant fractions withstand similar environmental stresses due to their small size at the seedling stage, so their reserve compounds respond to the environment in a similar way. Supporting our rationale, sub-shrub species show similar storage dynamics between above-and below-ground parts (Meletiou-Christou et al. 1998 , Palacio et al. 2007a ).
Conclusions
Quercus species differed in C-reserve dynamics from P. halepensis because of the different growth patterns and ecological strategies to face the water stress typical of Mediterranean ecosystems. Both Quercus species grew in the early growing season, demanding higher C-reserves but replenishing them after summer. Pinus halepensis allocated carbon to aboveground growth gradually during the growing season, having fewer C-reserves. In this species, SS and St sharply decreased in summer, probably to support plant respiration demands. In all species, drought reduced plant growth but had no effect on C-reserves. 
